Recently, we found anovulation in nuclear progestin receptor (Pgr) knockout (Pgr-KO) zebrafish, 15 which offers a new model for examining Pgr regulated genes and pathways that are important for 16 ovulation and fertility. In this study, we examined expression of all transcripts using RNA-Seq in 17 pre-ovulatory follicular cells collected after the final oocyte maturation, but prior to ovulation, 18 from wild-type (WT) or Pgr-KO fish. Differential expression analysis revealed 2,888 genes 19 significantly differentially expressed between WT and Pgr-KO fish. Among those, 1,230 gene 20 transcripts were significantly more expressed, while 1,658 genes were significantly less expressed 21 in WT than those in Pgr-KO. We then retrieved and compared transcriptional data from online 22 databases and further identified 661 conserved genes in fish, mice, and humans, that showed 23 similar levels of high (283 genes) or low (387) expression in animals that were ovulating compared 24 to those with no ovulation. For the first time, ovulatory genes and their involved biological 25 processes and pathways were also visualized using Enrichment Map and Cytoscape. Intriguingly, 26 enrichment analysis indicated the genes with higher expression were involved in multiple 27 ovulatory pathways and processes such as inflammatory response, angiogenesis, cytokine 28 production, cell migration, chemotaxis, MAPK, focal adhesion, and cytoskeleton reorganization.
Introduction
Library construction and Illumina sequencing 138 RNA-Seq library preparation and high-throughput NGS sequencing was carried out at Genome mapping and differential expression analysis 147 The quality control and adaptor trimming of raw FastQ files were performed using 148 Trim_Galore. Trimmed raw files were inspected using FastQC. The entire zebrafish genome 149 sequence (version GRCz10) was downloaded from Ensembl, and the alignment of sequence reads 150 to the zebrafish genome was carried out using STAR aligner [11] . Binning of sequencing reads to 151 genes/exons was accomplished by HTseq-count, where reads with an alignment score of less than 152 10 were skipped [12] . DESeq2, a popular Bioconductor package with over 3000 citations, was 153 chosen to normalize the raw counts with respect to the gene length and sequencing depth as well 154 as identify differentially expressed genes [13] . 155 Validation of differential expression by quantitative real-time PCR (qPCR) 156 Twenty-three of the differentially expressed genes were selected, and their expressions were 157 further validated using traditional qPCR. Briefly, 250 ng of total RNA from a subset of samples 158 that were used for transcriptomic analysis, were reverse transcribed using SuperScript III Reverse 159 Transcriptase in a 10 μl reaction volume following the manufacturer's instructions (Invitrogen, 160 Carlsbad, CA). Specific PCR primer pairs (supplemental Table S1 ) for target genes were designed 161 as close as possible to stop codon to detect transcripts without five-prime caps, and spanning at 162 least two adjacent exons to avoid genomic DNA interference. Glyceraldehyde-3-phosphate 163 dehydrogenase (gapdhs) was chosen as an internal control for qPCR because gapdhs was 164 expressed evenly among all samples in RNA-Seq analysis. Absolute copy numbers of each 165 transcript were calculated from a standard curve generated from a serial dilution of plasmid DNA 166 with known concentrations [8] . Then, the expression of each transcript was normalized with 167 gapdhs and expressed as fold changes by comparing WT to knockout (log2 (WT/Pgr-KO)), since 168 genes important for ovulation would change significantly in WT, but would not be changed in Pgr-169 KO.
170
Comparison of genes that are important for ovulation in human, mouse and zebrafish 171 Human (E-MTAB-2203) and mouse (GSE4260) [1, 3] transcriptomic data sets, that were 172 focused on differentially regulated genes in the follicular cells of preovulatory oocytes were 173 downloaded from EMBL and GEO databases, respectively. Two important marker genes, 174 LHCGR and PGR, were both found in these two data sets. Therefore, both human and mice 175 samples contain granulosa cells, and are comparable to the follicular cells of zebrafish. 176 Multiple CEL data files that containing human transcripts were first imported into 177 Expression Console software (Affymetrix) for data normalization, then, the robust Multi-array 178 Average (RMA) normalized our data and were transferred into Transcriptome Analysis Console 179 program (v3.0, Affymetrix) for differential expression analysis using One-Way Repeated 180 Measure ANOVA (paired). We used the R packages Affy [14] and limma [15] for differential 181 expression analysis, due to only two biological replicates in mice samples.
182
Differentially expressed genes are defined as having a minimal 2 fold difference in the 183 expression of the transcript observed in treated or mutant samples, compared to controls (absolute 184 log2FoldChange > 1) with a corrected FDR p-value < 0.05. Ensembl gene IDs of human and 185 zebrafish were converted to the mouse version to determine ovulatory genes that are conserved 186 between human, mice, and zebrafish.
187

Enrichment analysis 188
The Enrichment Map plugin for Cytoscape [16] was used to visualize the results of enriched 189 gene sets and pathways due to Pgr-KO. Both up-regulated and down-regulated genes were first 190 imported into the online g:Profiler (http://biit.cs.ut.ee/gprofiler/). We selected the "no filtering" 191 option and kept gene sets that had three or more genes that were significantly differentially 192 expressed for follow-up analyses. These gene sets were further compiled using KEGG, Reactome, 193 and GO databases. Enriched gene sets were then loaded into the Enrichment Map plugin for 194 Cytoscape using a p-value cutoff at 0.0005 to achieve an operable clustered network. The resulting 195 network map was curated manually by removing uninformative gene sets and grouping 196 functionally related gene sets together. We then labeled these functional groups to highlight 197 prevalent biological functions that were enriched.
198
Statistical analysis 199
Differences in expression between Pgr-KO and WT data were analyzed using Students' t-200 test, with p-values < 0.05 considered to be significant.
201
Results
202
A large set of genes (>10%) are differentially regulated prior to ovulation 203 Global gene expression in Pgr-KOs showed a significant difference and clustered distinctly 204 from those in WT (Figs.2 & 3) . Variation in gene expression among three different Pgr-KO fish 205 were much smaller than those in WT (Figs.2 & 3) , indicating that Pgr is a key transcriptional 206 regulator, and knocking out Pgr blocks the changes of gene expression critical for ovulation.
207
Variable increases between WT samples suggest that gene expression changed dramatically prior 208 to ovulation, or small sample size. 209 We found that 3,569 zebrafish genes are expressed significantly different in WT compared to 210 those in Pgr-KO, using a cutoff of fold changes ≥ 2 and adjusted p-values ≤ 0.05 (Table S2 ). We 211 retained 2,888 significantly regulated zebrafish genes that have mouse homologs for subsequent 212 analyses; and removed duplicates with less significance (Table S3 ). We did this to reduce the 213 complexity caused by teleost specific gene duplication, and to search for conserved genes in 214 vertebrates. Among these differentially regulated genes, 1,230 genes had higher expression and 215 1,658 genes had lower expression in WT than in Pgr-KO. Intriguingly, among the top 200 216 differentially expressed genes ranked by their adjusted p-value, 178 (89%) had significantly higher 217 levels of expression in WT than in Pgr-KO ( Fig.4 ). They also exhibited large differences in 218 expression, with 154 genes ranging eight to 147 fold. In contrast, only 16 genes among the top 200 219 had more than an eight fold decrease in WT than in Pgr-KO (TABLE S4) . These results suggest 220 dramatic changes in gene expression, especially increase of expression was critical for ovulation 221 to proceed, which was also likely cause of variations among WT samples.
222
RNA-Seq results confirmed by qRT-PCR
223
The specificities of each PCR primer set used in qPCR was confirmed using a melting curve 224 analysis and by sequencing the PCR products. Similar differences were obtained in the gene 225 expression for 23 selected genes in qPCR analysis and RNA-Seq of WT samples compared to Pgr-226 KO ( Fig.5 ).
227
Pgr is essential for regulating downstream targets that are important for ovulation 228 In total, 1,962 gene sets were enriched significantly (p≤0.05) when all up-regulated genes, i.e., 229 1,230 corresponding mouse homolog IDs in WT fish were input into g:Profiler. A small 943 gene 230 sets were enriched when all down-regulated genes, i.e., 1,658 mouse homolog IDs, were input into 231 the same program. We retained 649 upregulated gene sets and 469 down-regulated gene sets, with 232 a more stringent cutoff at p≤0.0005, to draw better and less congested enrichment maps.
233
Multiple sets of genes, signaling pathways, and biological processes important for ovulation 234 had significantly higher expression in WT compared to those in Pgr-KO. These enriched biological 235 processes in WT include: angiogenesis, cell migration, chemotaxis, focal adhesion, response to 236 growth factor, vasodilation, blood coagulation, cytokine production, inflammatory response, compared to those without HCG exposure. We focused on analyzing genes that showed similar 258 increases or decreases between zebrafish and mammals (human and/or mouse), and found 283 up-259 regulated genes and 378 down-regulated genes in WT that are conserved (Fig.7) . The features of 260 these three datasets are summarized in Table 1 . DNA replication, chromatin modification, nuclear division, and cell cycle checkpoint ( Fig.8 ). Our 266 analysis indicates that these genes and biological processes for ovulation are highly conserved 267 among vertebrates.
268
Representative genes and processes that may be important for ovulation 269 Some of the genes and processes conserved in our cross-species comparison (Fig.8 ), or 270 suggested to be important for ovulation are highlighted below ( Table. 2). were also expressed more in WT than Pgr-KO.
283
Vascularization. Genes involved in coagulation and angiogenesis including F3, F5 (coagulation 284 factors F3 and F5), and plasminogen activator inhibitor serpine1 (serine peptidase inhibitor clade 285 E member 1) were expressed significantly higher in WT compared to those in Pgr-KO. Notably, 286 the expression levels of rgs2 (regulator of G-protein signaling 2) encoding a member of GTPase 287 activating proteins, and nrp1 (neuropilin 1) encoding a protein that has been shown to interact with 288 VEGFA (vascular endothelial growth factor A), were both expressed significantly higher in all 289 three species prior to ovulation in WT. We have performed the first genome-wide differential gene expression analysis that is specifically 310 designed for the follicular cells of pre-ovulatory oocytes in the zebrafish, and conducted the first 311 comparison of differentially regulated genes in the follicular cells of pre-ovulatory oocytes among 312 zebrafish, mice, and humans. Our analysis indicates that ovulation is involved in a large network 313 of approximately 3,000 genes, which is 11.5% of 26,000 available genes in zebrafish, all working 314 in concert in the follicular cells of pre-ovulatory zebrafish oocytes. The number of ovulation 315 related genes found in the zebrafish is about three times more than those reported in humans, but 316 only slightly more than those reported in mice ( Table. 1). One likely reason is that RNA-Seq is 317 much more sensitive than microarrays used in previous studies. Or, it is possible that we 318 overestimate the ovulation-related genes in zebrafish due to differences in gene expression that 319 may be present before ovulation occurs in Pgr knockout. It is impossible to predict which WT fish 320 will undergo ovulation unless they have completed final oocyte maturation (see Fig.1 for detail).
321
Not all fish ovulate daily, so we did not collect follicular cells prior to maturation in current study 322 due to lacking a reliable marker to identify which fish will ovulate before the completion of oocyte 323 maturation in vivo. Therefore, it will be necessary to establish an ovulation assay in vitro and to 324 study gene expression during ovulation. Nevertheless, by comparing our data sets with mammalian 325 data sets we are able to show many conserved genes are related to ovulation and associated 326 signaling pathways are very similar whether using the entire set of differentially regulated 327 zebrafish genes or conserved "ovulatory" genes of fish, mouse, and human. These differentially 328 expressed genes activate signaling pathways and biological processes that are important for 329 ovulation to precede while also down regulating signaling pathways involved in growth and 330 proliferation prior to ovulation. The switch from a period of growth and proliferation to the 331 ovulation is important for follicular cell rupture and the process to proceed appropriately. These 332 ovulatory genes and signaling pathways are highly conserved among fish, mice and humans.
333
Therefore, as demonstrated herein and elsewhere, zebrafish offer an alternative model for studying 334 molecular mechanisms and biological processes that control ovulation.
335
As we noted at beginning, biological processes leading to the ovulation are quite different 336 between mammalian models and zebrafish model, mainly due to in vivo gestation in mammals in 337 comparison to external fertilization and development in zebrafish. We were surprised to find so 338 many conserved "ovulatory" genes as well as a significant number of non-conserved "ovulatory" 339 genes ( Fig.7) . A large number of non-conserved "ovulatory" genes is likely due to difference in 340 experimental treatments, different analytic tools (RNA-seq vs microarray), difference in cell 341 population, or different molecular mechanisms in control of ovulation in different models. For 342 accurate comparison, we have to generate transcriptomic data sets using same sensitive sequencing 343 technique, and same genotype (PGR KO) in different model species. We will focus our discussion 344 on conserved genes and pathways potentially important for ovulation, since more information is 345 required for defining different ovulatory mechanisms in different species.
346
Inflammatory response 347 Substantial evidence from studies in mammals has shown that biological events occurring in an 348 ovulating follicle are similar to those in an acute inflammatory response [2, 3, 19] . One major 349 indicator is the increase of prostaglandins (PGs) resulting from the upregulation of Ptgs2, a rate- Vasodilation induced by LH in the pre-ovulatory ovary is required for increased vascular 371 permeability. This drives leukocytes to migrate from the blood vessels to the interior of the pre-372 ovulatory follicles to release multiple cytokines and elicit inflammatory reactions leading to 373 follicle wall breakdown [19] . The expression of rgs2, which shows the greatest increase during 374 ovulation in our RNA-Seq data (>100 fold), has been suggested to be essential for stabilizing blood 375 pressure via inhibition of Gq/11-mediated signaling in human cardiovascular system [26, 27] . 376 Evidence also suggests that Rgs2 expression can be stimulated by LH, but is attenuated by PGR 377 antagonist or PTGS2 inhibitor in the pre-ovulatory follicles of mice and bovine [28, 29] . It remains 378 to be elucidated whether or not RGS2 can play a similarrole in follicle rupture as it does in 379 cardiovascular system, increasing vascular permeability. 380 NRP1, a well-known membrane bound co-receptor that is involved in VEGF signaling and 381 vascularization had increased expression in pre-ovulatory follicles of zebrafish, mouse, and 382 human. NRP1 up-regulates KDR downstream signaling in response to VEGF in angiogenic 383 modulation [30] . We also found a significant increase of kdr expression in the follicular cells of 384 pre-ovulatory oocytes in zebrafish. To prevent microbleeding during ovulation, multiple 385 coagulation factors such as f3, f5, and tissue factor pathway inhibitor 2 (tfpi2) are concomitantly 386 up-regulated in zebrafish, consistent with previous findings in humans [3] . The up-regulation of 387 serpine 1(pai1), a blood clotting promoting factor, before ovulation in zebrafish is consistent with 388 the recent finding in medaka. Serpine1 has been suggested to be a limiting regulator controlling suggests an important role of this protease as a downstream effector of PGR in ovulation.
403
Homozygous Adamts1 knockouts are subfertile, producing litters 4-to 5-fold less than control 404 littermates, partially due to failed rupture of some large follicles [36] . Adamts1 knockout mice are 405 subfertile and have less severe phenotypes than Pgr knockout mice, who cannot ovulate and 406 therefore have no litters. This indicates that ADAMTS1 may not be a key protease, or other PGR 407 regulated proteases contribute to the ovulatory mechanism. Lacking significant differences in gene 408 expression, enzyme concentration, or enzymatic activity of ADAMTS1 in infertile women 409 compared to controls also did not support functional roles of ADAMTS1 in human fertility [38] .
410
ADAMTS1 has been suggested to cleave versican in COC matrix [37, 39] , so the functions of this 411 gene in basal vertebrates may be different since no COC is necessary.
412
Intriguingly, upregulation of adamts9 in mammals and zebrafish during ovulation suggests 413 that this enzyme is most likely involved in ovulation, and its function conserved across vertebrate 414 species. Adamts9 was found to be upregulated in pre-ovulatory follicles or GCs following HCG 415 treatment in macaque and human [2, 3, 40] . GON-1, an ortholog of ADAMTS9, is involved in the 416 degradation of extracellular matrix (ECM) and is essential for gonadal morphogenesis in C. 417 elegans. GON-1 helps migration of distal tip cells by degrading extracellular matrix components.
418
In GON-1 mutants, the adult gonad is severely disorganized with no arm extension and no 419 recognizable somatic structure. The developmental defects in gon-1 mutants are limited to the 420 gonad; other cells, tissues, and organs develop normally in C. elegans. However, functions of 421 ADAMTS9 in vertebrates have not been established, partly due to Adamts9 knockout mice dying 422 before gastrulation [41] . Thus, using alternative models or establishing conditional knockouts are 423 required for examining the function of ADAMTS9 in vertebrates.
424
Missing information was compensated by our fish data 425 Some important ovulatory genes and signaling pathways such as ERBB, PI3K, and WNT signaling 426 are unexpectedly missing in the shared gene lists and conserved enrichment maps, but significantly 427 enriched in zebrafish data set (Table 3 ; Fig.6 ). ERBB signaling (epidermal growth factor receptor 428 signaling) is induced by the LH surge through the activation of EGF-like factors [42] . The 429 increased expressions of lhcgr, egfr, and mapk1 along with downstream genes (e.g. ptgs2, tnfaip6) 430 in the follicular cells of WT pre-ovulatory zebrafish oocytes suggest that ERBB signaling is 431 conserved and involved in the ovulation of vertebrates. Knockouts of PTEN inhibited PI3K 432 signaling, increased susceptibility to apoptosis and enhanced ovulation in mice [43] . We also found 433 that pten (a tumor suppressor) was highly expressed in the follicular cells of WT, and PI3K/Akt 434 signaling was enriched in up-regulated genes (Fig.6 ). Similarly, tumor suppressor genes dab2ip 435 and foxo3 were expressed much higher in WT, which correlated to WNT signaling being enriched 436 in zebrafish. FOXO3 has been shown to inhibit WNT signaling and cancer development [44, 45] .
437
Notably, we found at least 232 human tumor suppressor [46] homolog genes that were 438 differentially expressed in the follicular cells of zebrafish pre-ovulatory oocytes. Molecular 439 mechanisms and functions of these tumor related genes during vertebrate ovulation is still unclear. and several ubiquitin related genes (ubb, ubc, uba52, ube2a, Table 3 ). This suggests possible 448 activation of NF-kB signaling in pre-ovulatory follicular cells in response to hypoxia-like 449 conditions of ovulation [50] . The high expression of tnfrsf21 (tumor necrosis factor receptor 450 superfamily, member 21/death receptor 6), during ovulation suggests that activation of NF-kB 451 signaling is also involved in local inflammation [51] . Intriguingly, il1b showed low expression in 452 WT fish, although IL1B could induce direct binding of NF-kB to the promoter sequence of 453 ADAMTS9 in human chondrocytes [52] . More studies are required to understand the activation 454 and involvement of NF-kB in response to hypoxia, and its regulation of inflammation and 455 ADAMTS9 during ovulation.
456
In summary, for the first time we successfully identified genes and signaling pathways that a. T1, genes that were regulated similarly among all three species; T2, genes that were regulated similarly only between human and zebrafish; T3, genes that were regulated similarly only between mice and zebrafish. b. Changes in gene expression were based on log2 fold of the expression in wildtype relative to those in Pgr-KO. Genes were listed by fold change within each shared type in each category. 
